Monte Carlo shell-model calculations with the modern SDPF-M interaction successfully describe neutron-rich nuclei in the vicinity of N = 20 where normal and intruder configurations coexist at low excitation energy. We report on direct experimental evidence of the population of the 3/2 − intruder state in 27 Ne in the knockout of a single neutron from the ground state of 28 Ne. This low-lying negative parity state is consistent with a narrower shell gap for exotic nuclei with Z N and N ≈ 20. This observation also demonstrates the importance of direct reactions for the study of exotic nuclei and the predictive power of these large-scale shell-model calculations. Neutron-rich nuclei with atomic numbers between Z ≈ 8 and Z ≈ 12 exhibit dramatic differences in their structure compared to stable isotopes, already at the level of shell closures [1] . While 16 O is a prototypical doubly-magic nucleus with a shell gap of 10 MeV [2] , the ground state of 28 O, with canonical magic numbers Z = 8 and N = 20, is not particle-bound: The N = 20 shell closure is not strong enough to bind 28 O. Contrary to expectations, recent experiments have indicated a pronounced N = 16 subshell closure [3] [4] [5] culminating in the identification of 24 O as a doubly magic nucleus [4] and leading to the revision of the effective interaction for the sd-shell [1, 6] . Adding one proton to the heaviest particle-bound oxygen isotope ( 24 O) dramatically shifts the neutron dripline at Z = 9 and allows for the binding of at least six additional neutrons [7] . The N = 20 major shell closure also breaks down for 31 Na and 32 Mg as indicated by an excess of binding energy [8, 9] and by measurements sensitive to collectivity [10] [11] [12] . Both observations, supported by theory, indicate a region of N ≥ 20 and Z ≤ 12, referred to as the "island of inversion" [13] , in which the ground-state wave function is dominated by intruder configurations characterized by particle-hole excitations across the N = 20 shell gap.
Neutron-rich nuclei with atomic numbers between Z ≈ 8 and Z ≈ 12 exhibit dramatic differences in their structure compared to stable isotopes, already at the level of shell closures [1] . While 16 O is a prototypical doubly-magic nucleus with a shell gap of 10 MeV [2] , the ground state of 28 O, with canonical magic numbers Z = 8 and N = 20, is not particle-bound: The N = 20 shell closure is not strong enough to bind 28 O. Contrary to expectations, recent experiments have indicated a pronounced N = 16 subshell closure [3] [4] [5] culminating in the identification of 24 O as a doubly magic nucleus [4] and leading to the revision of the effective interaction for the sd-shell [1, 6] . Adding one proton to the heaviest particle-bound oxygen isotope ( 24 O) dramatically shifts the neutron dripline at Z = 9 and allows for the binding of at least six additional neutrons [7] . The N = 20 major shell closure also breaks down for 31 Na and 32 Mg as indicated by an excess of binding energy [8, 9] and by measurements sensitive to collectivity [10] [11] [12] . Both observations, supported by theory, indicate a region of N ≥ 20 and Z ≤ 12, referred to as the "island of inversion" [13] , in which the ground-state wave function is dominated by intruder configurations characterized by particle-hole excitations across the N = 20 shell gap.
These observations have posed a formidable challenge to nuclear structure models. The recently-developed Monte Carlo shell model (MCSM) [14] with the new SDPF-M interaction [6] , referred to as SDPF-M calculations, has had great success in accurately reproducing structure changes in this region. This theoretical approach allows unrestricted mixing of particle-hole configurations across the N = 20 shell gap. For 29 F, a considerable 4p-4h component in the ground state in addition to enhanced pairing leads to a bound ground state, explaining the puzzling extension of the dripline at Z = 9 [15] . Conventional shell-model calculations within a configuration space limited to the sd-shell with the Universal SD (USD) interaction [16] , referred to as USD calculations, have been shown to have high predictive power. However, calculations with the USD interaction do not allow for intruder configurations across the N = 20 gap, and thus they fail to reproduce shell-breaking effects near N = 20. Between the enhanced N = 16 sub-shell closure and the reduced N = 20 shell gap, SDPF-M predictions compare well with known level structures and electromagnetic moments of 27−31 Na, illustrating the power of a consistent approach in this transitional region [1, 17, 18 27 Ne is expected to be nearly degenerate with the non-intruder ground state. Fig. 1 illustrates this dramatic change in structure for the Ne isotopes. For 25 Ne the USD-calculated level scheme and the predictions from the SDPF-M calculation agree, while for 27 Ne two additional states are expected below the excited 1/2 + state. These two levels are negative-parity intruder states originating from particle-hole excitations across the N = 20 shell gap.
A recent systematic investigation of the level structures of 25−29 Ne by in-beam γ-ray spectroscopy following fragmentation indicates-contrary to SDPF-M predictions-that 27 Ne can be well described without considering intruder effects and that the onset of intruder admixture occurs at the N = 18 28 Ne [19] . In contrast, a recent (d, p) measurement populating states in 27 Ne reveals two excited states at low excitation energy, which models without cross-shell excitations cannot reproduce [20] .
In the present work, the two key nuclei 25 Ne and 27 Ne are investigated using the direct 9 Be( 26 Ne, 25 Ne)X and 9 Be( 28 Ne, 27 Ne)X one-neutron knockout reactions, in order to firmly establish the role of intruder configurations in these nuclei. Aside from γ-ray transitions yielding the energies of excited states, information on the details of the nuclear wave functions are accessible from single-nucleon knockout reactions [21] . The shape of the longitudinal momentum distributions of the knockout residues depends on the -value of the knocked-out neutron and cross sections to individual excited states can be measured. From these, in comparison to reaction theory, spectroscopic factors can be derived, which relate to the occupation numbers of single-particle orbits. Population of intruder states in 27 Ne in the knockout from 28 Ne would provide direct evidence for intruder components in the ground-state wave function of 28 Ne.
The experiments were performed at the Coupled-Cyclotron Facility [22] beryllium targets, respectively. The fragments were magnetically analyzed in the A1900 fragment separator [23] . In both cases, the secondary beam was impinged on a 376 mg/cm 2 beryllium target placed at the target position of the S800 spectrograph [24] at mid-target energies of 83 and 80 MeV/nucleon, respectively. The reaction residues were identified event-by-event with the focalplane detector system of the spectrograph. The position information provided by the position-sensitive detectors yielded the longitudinal momentum distribution of the reaction residues. The Segmented Germanium Array [25] sur-rounded the target for detection of coincident γ-ray radiation. For the 26 Ne experiment, the array was arranged in a two-ring configuration as in [26] , while, for 28 Ne, it was configured in nine angle pairs ranging from 24
• to 147
• .
The Doppler-reconstructed γ-ray spectra in coincidence with the 27 Ne and 25 Ne knockout residues, respectively, are shown in Fig. 2 . The γ-ray spectrum originating from 25 Ne is shown in the upper panel. The doublet observed at about 1.7 MeV and the 2.09 MeV transition are in good agreement with the data established from β decay [27, 28] . In The proposed level schemes for 25 Ne and 27 Ne are shown as insets in Fig. 2 . The level scheme for 25 Ne is in agreement with both the USD and SDPF-M shell model predictions. For 27 Ne two excited states are firmly established in the present experiment. This result is in agreement with [5] and contradicts the observations and conclusions of [19] . The observations are in contradiction to the USD shell model, which predicts only one bound excited state, and are consistent with the SDPF-M shell model calculations as we will outline below.
In the present experiment, longitudinal momentum distributions were measured in the S800 spectrograph and provide direct experimental evidence that allows the characterization of the observed excited states. Individual momentum distributions for the knockout to specific final states of 25 Ne and 27 Ne residues, shown in Fig 3, are extracted by gating on the γ-ray spectrum (see [29, 26] ). Each distribution is overlaid with theoretical shapes assuming several angular momentum -values for the knocked-out nucleons. Calculations are performed using a three-body reaction model based on the eikonal approximation [30] [31] [32] . The experimental momentum distributions are corrected for the acceptance of the S800 spectrograph.
For
25 Ne, the distribution in coincidence with the 1.7-MeV doublet, shown in Fig. 3, includes contributions from 
27 Ne, the distributions extracted for the 0.765 MeV and 0.885 MeV photopeaks are both clearly more narrow than a calculated distribution assuming = 2, which has a width of 255 MeV/c (FWHM) after converting to the laboratory frame and folding in the momentum resolution. For the distribution corresponding to the 0.885 MeV transition, which represents events directly feeding this excited state, a definitive assignment of = 0 or = 1 is difficult due to large error bars and the possibility of a low-momentum tail, observed in previous knockout measurements [26] . The = 0 and = 1 distributions superimposed on the 0.885 MeV distribution in the upper-right panel of figure 3 represent least-squares fits over a range from 10.35 to 10.58 GeV/c. Based on this analysis, neither = 0 nor = 1 can be excluded for this state. Since the 0.765 MeV photopeak is indirectly feed from the 0.885 MeV state, the distribution corresponding to the 0.765 MeV transition, shown in the centerright panel of figure 3 , includes contributions from both excited states, and again = 0 and = 1 cannot be distinguished. The 0.765 MeV distribution is overlaid with a combination of = 0 and = 1 to show consistency with tentative spin and parity assignments discussed below. The ground-state momentum distribution for 27 Ne is clearly broader than that of the excited states. Predictions of its shape based on the -value content taken from USDand SPDF-M calculations for the ground state are overlaid and demonstrate consistency. From the experimental level scheme and the analysis of the momentum distributions, the two observed levels are consistent with spin and parity assignments 1/2 + and 3/2 − as suggested by the SDPF-M calculation (Fig. 1) .
The SDPF-M calculations also suggest a 7/2 − state at 0.22 MeV. Photon decay from this state would proceed by emission of M 2 γ radiation with a long lifetime. The effect of the lifetime on the photopeak energy resolution in this case leads to a total loss of sensitivity to the transition in the current experiment. Gamma-rays from such long-lived states would be emitted far from the reaction target and the γ-ray detector array. Events in which an unidentified excited state is populated but not tagged are consequently misidentified as populating the ground state. Therefore, according to SDPF-M calculations, the measured ground-state cross section and momentum distribution should include both 3/2 + and 7/2 − contributions. The extracted ground-state distribution, with calculated curves reflecting SDPF-M-and USD-predicted -value content overlayed, are shown in the upper right panel of Fig. 3 . Within the experimental uncertainty the data are consistent with either prediction and therefore do not provide evidence for the existence of the 7/2 − intruder state in 27 Ne.
Further characterization of the observed states is obtained from the spectroscopic strengths deduced from the reaction. The inclusive cross sections for the 9 Be( 28 Ne, 27 Ne)X and 9 Be( 26 Ne, 25 Ne)X reactions of 66(3) mb and 98(5) mb, respectively, are decomposed into partial cross section for the population of individual final states from the γ-ray intensities in the observed level schemes. The partial cross sections have been corrected for the finite acceptance of the S800 spectrograph.
Single-particle cross sections are calculated in the three-body reaction model developed in Refs. [31, 32] . The eikonal core-target S-matrices are derived using SKX Skyrme Hartree-Fock [34] densities for the 25, 27 Ne residues. The rms radii of the neutron single-particle orbitals were also constrained using Hartree-Fock calculations [35] . The deduced spectroscopic factors are taken as the ratio of the measured partial cross section to the calculated single-particle cross section. The experimental results are summarized and compared to the two shell-model calculations in Table 1 .
Although theoretical spectroscopic factors are not yet available from the SDPF-M model, an upper limit is given by the calculated orbital occupancies n SDPF−M , shown in Table 1 . Since spectroscopic strength is often concentrated in lower energy states, one may expect the upper limit to be a fair approximation of the spectroscopic factor. Table 1 Cross Section (arb. units) 27 Ne gs. Table 1 Results for the 9 Be( 26 Ne, 25 Ne)X and 9 Be( 28 Ne, 27 Ne)X reactions. The deduced level energies as well as the measured -value and partial cross sections are given. Singleparticle cross sections σ sp are calculated in a three-body eikonal model [31, 32] . Since the value for the 27 Ne excited states can only be constrained, the calculated singleparticle cross sections are taken as the average of the = 0 and = 1 results, the values of which differ by less than 1 mb. Uncertainties for σ exp and C 2 S exp include a 7% systematic uncertainty for 26 Ne and 6% for 28 Ne. We also give the predicted spins and parities along with the corresponding spectroscopic factors C 2 S for the bound states predicted from USD shell model calculations and single-particle occupancies n from both USD and SDPF-M calculations.
